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Summary
Objective: Mechanical stress above the physiological range can profoundly inﬂuence articular cartilage causing matrix damage, changes to
chondrocyte metabolism and cell injury/death. It has also been implicated as a risk factor in the development of osteoarthritis (OA). The
mechanism of cell damage is not understood, but chondrocyte volume could be a determinant of the sensitivity and subsequent response to
load. For example, in OA, it is possible that the chondrocyte swelling that occurs renders the cells more sensitive to the damaging effects of
mechanical stress. This study had two aims: (1) to investigate the changes to the volume and viability of in situ chondrocytes near an injury to
cartilage resulting from a single blunt impact, and (2) to determine if alterations to chondrocyte volume at the time of impact inﬂuenced cell
viability.
Methods: Explants of bovine articular cartilage were incubated with the ﬂuorescent indicators calcein-AM and propidium iodide permitting the
measurement of cell volume and viability, respectively, using confocal laser scanning microscopy (CLSM). Cartilage was then subjected to
a single impact (optimally 100 g from 10 cm) delivered from a drop tower which caused areas of chondrocyte injury/death within the superﬁcial
zone (SZ). The presence of lactate dehydrogenase (LDH; an enzyme released following cell injury) was used to determine the effects of
medium osmolarity on the response of chondrocytes to a single impact.
Results: A single impact caused discrete areas of chondrocyte injury/death which were almost exclusively within the SZ of cartilage. There
appeared to be two phases of cell death, a rapid phase lastingw3 min, followed by a slower progressive ‘wave of cell death’ away from the
initial area lasting for w20 min. The volume of the majority (88.1G 5.99% (nZ7) of the viable chondrocytes in this region decreased
signiﬁcantly (P! 0.006). By monitoring LDH release, a single impact 5 min after changing the culture medium to hyper-, or hypo-osmolarity,
reduced or stimulated chondrocyte injury, respectively.
Conclusions: A single impact caused temporal and spatial changes to in situ chondrocyte viability with cell shrinkage occurring in the majority
of cells. However, chondrocyte shrinkage by raising medium osmolarity at the time of impact protected the cells from injury, whereas swollen
chondrocytes were markedly more sensitive. These data showed that chondrocyte volume could be an important determinant of the sensitivity
and response of in situ chondrocytes to mechanical stress.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Within physiological limits, the mechanical loading of
articular cartilage is an essential signal required by chon-
drocytes to produce an extracellular matrix (ECM) capable of
withstanding the prevailing level of stress1. Themagnitude of
these stresses can be considerable, for example, in vivo
measurements in the human femoral head have shown
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Received 31 January 2004; revision accepted 5 October 2004.5levels of 2e4 MPa during normal walking, which can peak at
w18 MPa when rising from a chair2. Mechanical stresses
above the normal physiological range and/or frequency can
give rise to signiﬁcant tissue injury in vitro3,4 and might be
involved in the initiation of cartilage degeneration5,6. The
induction of cartilage failure in vivo has been observed
following blunt trauma of animal knee joints4 whereas clinical
studies have shown a clear correlation between abnormal
patterns of mechanical loading and the later onset of
osteoarthritis (OA, also termed osteoarthrosis7).
The study of these levels of mechanical stresses is
mainly of interest because of their relationship with trauma.
It has been shown that joint injury by mechanical trauma is
a risk factor in the development of OA (see Refs.4,8). In vitro
studies clearly show that high levels of mechanical stress
can cause cartilage swelling which is consistent with
damage to the collagen network9 resulting in further
swelling of cartilage proteoglycans (PGs)10. There is also
evidence for increased turnover of matrix PGs and
proteins11,12, elevated cartilage degradation5,6 and reduced
cell viability5,13e15. This latter observation might be related4
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chondrocytes within degenerate cartilage. By measuring
the volume of in situ chondrocytes within human tibial
plateau cartilage of varying degrees of degeneration, we
have shown16 that chondrocyte volume increases consid-
erably more than that predicted by the cartilage swelling
which occurs in OA17. It is possible that over-hydrated in
situ chondrocytes18,19 are more susceptible to the injurious
effects of mechanical stress compared to chondrocytes of
normal volume. It is also possible that mechanical stress
could alter the resting volume of chondrocytes within non-
degenerate cartilage by a direct effect on volume-sensitive
membrane transporters18,19.
The effects of mechanical injury on the response of
chondrocytes within cartilage have only relatively recently
started to receive attention14,20e24. Since there is no cell
division in skeletally mature normal human cartilage25, any
chondrocyte death through mechanical damage leaves the
remaining cells with a greater burden for normal matrix
turnover. Reduced cellularity has been identiﬁed as
a feature of OA25,26 and may contribute to the inability of
remaining chondrocytes to maintain cartilage resilience and
lead to the rapid erosion of cartilage, which is the dominant
characteristic of this disorder. However, the role of
chondrocytes in this process is currently unclear1,27,28,
and this may be because the techniques for studying the
physiology of in situ chondrocytes following impact are not
well developed. It is important to have a good understand-
ing of the response of chondrocytes to high levels of
mechanical stress because this might identify procedures
that could limit cell injury, and thus ultimately matrix failure.
Recent work utilising ﬂuorescent indicators, confocal laser
scanning microscopy (CLSM) and imaging, suggest that
these techniques16,18,19,29 hold particular promise for
clarifying the changes to in situ chondrocyte behaviour as
a result of mechanical stress. The advantage of CLSM over
more conventional histological techniques is that it offers the
unique opportunity of observing the progressive changes to
chondrocyte physiology and viability following the applica-
tion of mechanical stress. In the present study, we have
utilised these techniques to determine the response of
ﬂuorescently labelled in situ chondrocytes within bovine
articular cartilage explants as a convenient model system
following a single controlled impact. In preliminary experi-
ments we noted that cell death was localised to selected
regions of the superﬁcial zone (SZ) of bovine articular
cartilage30. This initial work however suggested that the
effects of mechanical stress were subtle, and although there
was a rapid phase of cell death, there was also a slower
phase of death in which chondrocyte shrinkage was
a prominent feature.
In order to clarify the response of cartilage to impact injury
in more detail, we have therefore utilised CLSM to
determine the volume and viability of single chondrocytes
within bovine articular cartilage explants subjected to
a single blunt impact. This permitted the resolution of some
of the spatial and temporal events in terms of cell viability
and volume immediately following impact injury. The data
showed that cell shrinkage occurred following injurious
impact, and thus our expectation was that swelling or
shrinking in situ chondrocytes by varying medium osmolar-
ity18,19 at the time of impact might protect or augment
chondrocyte injury, respectively. For these experiments we
recorded the release of the cytoplasmic enzyme lactate
dehydrogenase (LDH) from chondrocytes within cartilage
explants following impact which is a relatively simple
measure of chondrocyte injury/death31.Our results showed that chondrocytes within the SZ were
particularly sensitive to impact injury compared to cells
within the mid- or deep zones (MZ or DZ). Following impact,
there appeared to be two phases of cell death, a rapid
phase (lasting w3 min) and a delayed phase (lasting
w20 min). The latter phase occurred with a signiﬁcant
reduction in the volume of almost all cells which might be
related to cell death. Unexpectedly, we found that de-
creasing the osmolarity of the medium incubating the
cartilage explants, so as to swell the chondrocytes at the
time of impact, markedly increased the sensitivity of
chondrocytes to injurious impact. In contrast, raising the
osmolarity, causing cell shrinkage, had a protective effect.
Collectively, the results suggested that the volume of
chondrocytes during and following impact was an important
determinant of the response of chondrocytes to a single
injurious load. A preliminary report on this work has been
published in abstract form30.
Materials and methods
BIOCHEMICALS AND SOLUTIONS
Cultures of cartilage explants were maintained in serum-
free aseptic HEPES (N-2-hydroxyethylpiperazine-N-2-etha-
nosulphonic acid)-buffered Dulbecco’s modiﬁed Eagle’s
medium (DMEM, HEPES 15 mM, 280 mOsm, pH 7.4)
including penicillin (50 U/ml medium) and streptomycin
(50 mg/ml medium). Hypo- or hypertonic DMEM was pre-
pared by the addition of puriﬁed water or NaCl, respectively
(pH 7.4). Cyano-acrylate glue was purchased from Bostik
(Leicester, UK). The ﬂuorescent indicators calcein-AM and
propidium iodide (PI) were obtained from Cambridge
Bioscience (Cambridge, UK) and stock solutions (1 mM of
each) prepared in dry dimethyl sulfoxide and distilled water,
respectively.
CARTILAGE PREPARATION
Fresh bovine feet of skeletally mature animals of similar
age (30 months) were obtained from the local abattoir and
the metacarpal phalangeal joint was opened under aseptic
conditions. Full depth explants of articular cartilage exclud-
ing sub-chondral bone were removed from load-bearing
surfaces with particular care being taken to standardise the
anatomical regions from which the cartilage was obtained.
Cartilage explants were cultured individually in 24-well
plates in DMEM (280 mOsm, pH 7.4) at 37(C and 5% CO2,
in the absence of foetal calf serum, and used within 24 h.
APPLICATION OF IMPACT TO BOVINE CARTILAGE
A drop tower of similar design to that previously reported9
was constructed and used to deliver single deﬁned impact
energies to individual explants under aseptic conditions.
The impactor was made of hard nylon polished to a smooth
ﬁnish, and the base constructed of polished stainless steel
on which the cartilage pieces were placed. The cartilage
explants were incubated in DMEM with calcein-AM and PI
(each at 5 mM, 30 min). A more precise cartilage sample
was then taken using a 7 mm diameter cork borer so as to
standardise the dimensions of the cartilage explants and
minimise experimental error. For the experiments per-
formed here, cartilage dry weights of 5G 1 mg (mean -
G S.E.M. for R30 separate experiments on R 720
explants) were used. Individual cartilage explants were
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uppermost, and exposed to a single impact. A range of
energies were tested by using four different protocols: (1)
100 g dropped from 5 cm, (2) 100 g dropped from 10 cm, (3)
200 g dropped from 10 cm, and (4) 200 g dropped from
10 cm three times in rapid succession. Protocols (1) to (3)
were used to study viability and volume of in situ
chondrocytes by CLSM and LDH release (see below).
Protocol (4) was only used to determine the maximum LDH
release from cartilage samples. For most conditions, it was
found that 100 g dropped from 10 cm was optimal for
studying the response of in situ chondrocytes within the SZ
of cartilage (see Figs. 1 and 2). This delivered an impact
energy of 0.098 J9. Multiple impacts occurred only rarely,
and these samples were discarded. Cartilage explants were
then quickly removed from the impactor and the chondro-
cytes visualised withinw30 s by CLSM. Tissue was viewed
either by (1) sectioning the explant using a fresh scalpel
blade permitting the study of chondrocytes as a function of
depth from cartilage surface, or by (2) placing the explant
ﬂat on the dish and viewing perpendicularly to the articular
surface permitting visualisation of chondrocytes primarily
within the SZ. In both cases, tissue was restrained from
movement by a very small amount of cyano-acrylate glue
applied to secure the explant to the dish at a point distant
from that to be viewed.
LDH ASSAY
The release of LDH from cartilage explants into the
culture medium following impact was determined using an
assay kit (Cat. No. 228-10; Sigma Chemical Co.) and the
following procedure. At the end of the experiment (see
Results for details), an aliquot (0.1 ml) of the medium was
taken and added to a cuvette (1 cm light path) containing
the reaction mixture pre-equilibrated at 30(C, and placed in
the temperature-controlled holder of a Unicam PU8735
spectrophotometer. The absorbance by the sample at
340 nm was measured over 5 min at 30(C and the change
in absorbance/min (DA/min) determined. Using the stan-
dard millimolar absorptivity of nicotinamide adenine di-
nucleotide at 340 nm of 6.22, the LDH activity was
Fig. 1. An overview of the pattern of chondrocyte death arising from
the application of a single injurious impact to bovine articular
cartilage. Explants of cartilage were incubated with calcein-AM and
PI as described (see Materials and Methods) and then subjected to
(a) no impact, or (b) a single impact of 100 g from 10 cm. The
cartilage was then imaged by CLSM after 60 min, and the projected
image viewed perpendicular to the cartilage surface is shown (see
Materials and Methods). Intracellular calcein or PI ﬂuorescence
appears green or red, respectively. Confocal images were acquired
at 10 mm z-step intervals using a 5! dry objective lens to a depth of
w60 mm. BarZ 100 mm.calculated and expressed as Units LDH released/litre
medium/mg cartilage dry weight (ULDH/l).
CONFOCAL MICROSCOPY AND DETERMINATION
OF CHONDROCYTE VOLUME IN SITU
During the incubation of explants with calcein-AM and PI,
the molecules diffused into the cartilage matrix. Calcein-AM
is non-ﬂuorescent and membrane-permeant, and once
inside the chondrocytes, was cleaved by intracellular
esterases to release the ﬂuorophore, calcein. This molecule
was relatively membrane-impermeant, and remained trap-
ped within the cells. Following excitation of the dye
(EXZ 488 nm, argon laser; EMZ 517 nm), the intracellular
calcein ﬂuoresced green, and therefore provided a conve-
nient indicator of the cytoplasmic space of the living
chondrocytes. In contrast, PI was membrane-impermeant
and ﬂuoresced red strongly (EXZ 543 nm, HeeNe laser;
EMZ 650 nm) only when bound to nucleic acids and
therefore identiﬁed dead cells. Since PI was present
throughout the experiment, following impact it was possible
to follow the time course of cell death. Thus, dying cells lost
their green ﬂuorescence rapidly as the calcein leaked out
and instead ﬂuoresced red as the PI permeated the leaky
cell membrane, and bound to cellular nucleic acids. The
rate of loss of calcein ﬂuorescence for a dying cell was
distinctly more rapid than that of a viable cell losing
ﬂuorescence through photo-bleaching.
Chondrocytes were viewed using an upright Leica TCS-
NT CLSM (Leica Microsystems, Milton Keynes, UK) or
a Zeiss LSM 510 (Carl Zeiss Ltd., Welwyn Garden City,
Herts, UK) with ‘low power magniﬁcation’ 5! or 10! dry
objective lenses, or a ‘high power magniﬁcation’ 63! water-
immersion objective as indicated in the ﬁgure legends.
Confocal images of in situ chondrocytes were taken with
1 mm or 10 mm z increments for high or low power objective
magniﬁcation measurements, respectively. Laser power and
detector sensitivity were adjusted to provide optimum image
quality without excessive dye bleaching maintaining a digital
signal ofO0 and!255 to avoid signal loss and saturation or
pixel saturation, respectively18,19. Scanning speed was
typically w0.3 Hz with double frame integration for
a 512! 512 image (typically representing 150 mm!
150 mm). Loss of signal was signiﬁcant at depths O60 mm
into the cartilage and therefore this was taken as the limit for
data collection. Cells adjacent to the cut surface were not
investigated. Chondrocytes were viewed perpendicular to
the synovial surface (allowing the study of chondrocytes
within w60 mm from the cartilage surface, i.e., mainly the
SZ), so as to observe the progressive effect on the viability
and volume of chondrocytes within the SZ following impact
loading (Figs. 1, 3 and 4). Chondrocytes were also visualised
within transverse cartilage sections so as to observe cells
within surface zone, MZ and DZ in a single projected image
(Figs. 1 and 2). For the chondrocyte viability and volume
measurements (Figs. 5 and 6) after the application of impact
injury, the cartilage sample was mounted and the area of
interest identiﬁed by high power magniﬁcation. This pro-
cedure which lasted 3 min or 5 min for viability and volume,
respectively, was followed by the detailed scanning of the
sample, each set of scans lasting approximately 90 s.
IMAGE ANALYSIS AND CHONDROCYTE
VOLUME MEASUREMENTS
The use of a water-immersion lens with an upright CLSM
obviated the ﬂuorescence loss and image distortion arising
57Osteoarthritis and Cartilage Vol. 13, No. 1Fig. 2. Chondrocyte death following a single impact. Explants of bovine articular cartilage were subjected to (a) no impact, (b) 100 g from
10 cm, or (c) 200 g from 10 cm and then maintained in culture. Maximum projected confocal images of calcein (live cells; green) and PI (dead
cell nuclei; red) were taken of transverse sections 24 h after impact. Confocal images were acquired at 10 mm z-step intervals using a 10! dry
objective lens. For the experimental protocols for this and other ﬁgures, see Materials and Methods. BarZ 100 mm.from mismatch between immersion oil and mountant which
is present when using an inverted microscope. This
eliminated the need for complex image correction for
measurement of cell volume16,18,19. Image analysis was
performed on a Silicon Graphics Octane workstation
(Silicon Graphics Inc., Mountain View, CA) running com-
mercially available Bitplane Imaris and VoxelShopPro
software (Bitplane Inc., Zurich, Switzerland). In situ chon-
drocytes demonstrated a range of ﬂuorescent intensities
and edge detection was performed on individual cells by
deﬁning regions of interest around cells using the Imaris
software. VoxelShopPro was then used to determine the
baseline ﬂuorescence threshold (BT) before computing
a volume for the three-dimensional chondrocyte image as
described18,19. The system was calibrated using ﬂuorescent
latex spheres of 10.1G 0.1 mm (540 mm3; Polyscience Inc.,
Warrington, US). Detailed analysis of bead geometry in the
planar (x/y) axis and axial (z) axis conﬁrmed the image-
retained spherical geometry, and that a BT of 40% was
appropriate in determining an accurate bead volume as
required for chondrocyte volume measurements16,18,19.DATA PRESENTATION
Data are shown as meansG S.E.M., for experiments
performed on (n) feet and (N ) cells. Signiﬁcant differences
were determined by one- or two-way analysis of variance
(ANOVA) and Student’s unpaired t tests as appropriate
(Sigma Stat, Jandel Scientiﬁc, Ekrath, Germany).
Results
EFFECTS OF IMPACT ON THE VIABILITY
OF IN SITU CHONDROCYTES
Figure 1 shows the effects of the application of a single
injurious impact on chondrocyte viability when cartilage was
viewed perpendicular to the surface by CLSM. It was clear
that cell injury/death in the impacted explant was localised
and that there were areas of the explant where there was no
detectable cell death during the time course of these
measurements. The pattern of the areas of chondrocyte
injury/death were complex and variable and not investi-
gated further, but within 30 s an appropriate region could be
Fig. 3. The time course of ch with calcein-AM and PI, was positioned with the synovial surface uppermost,
and subjected to a single im mum projected confocal images of calcein (live cells; green) and PI (dead cell
nuclei; red) (a) 5 min, (b) 15 of cell death more easily, the lower panels indicate the additional cell death
observed in sequential ima 45 min). Confocal images were acquired at 10 mm z-step intervals using a
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tondrocyte death resulting from a single impact load. Bovine articular cartilage incubated
pact load of 100 g from 10 cm, and then viewed by CLSM. Upper panels show the maxi
min, (c) 25 min, (d) 35 min, and (e) 45 min after impact. To visualise the time course
ges over the following periods (0e5 min, 5e15 min, 15e25 min, 25e35 min, and 35e
5! dry objective lens. BarZ 200 mm.
59Osteoarthritis and Cartilage Vol. 13, No. 1Fig. 4. Changes to the viability of SZ chondrocytes near the injured edge resulting from a single impact load. Bovine articular cartilage was
subjected to a single impact load (100 g from 10 cm) and viewed from the synovial surface. Panels show maximum projected confocal images
of calcein (live cells; green) and PI (dead cell nuclei; red): (a) 3 min, (b) 6 min, (c) 12 min, and (d) 20 min after impact. The chondrocytes used
for volume determinations in this experiment are identiﬁed individually using a white spot [panel (d)]. Confocal images were acquired at 1 mm
z-step intervals using a 63! water-immersion objective lens. BarZ 25 mm; image approximately 150 mm! 150 mm.located at low magniﬁcation, for subsequent study at high
magniﬁcation. In the results described below, particular
attention was paid to the volume of chondrocytes at the
interface between living and injured/dead cells. It was also
of interest to determine the extent of damage to the
cartilage matrix at areas of chondrocyte injury/death. This
was performed by imaging regions of impacted cartilage
in transverse section, and optimising conditions so as to
increase the autoﬂuorescence of the ECM. These
Fig. 5. The decrease in chondrocyte viability after two single
impacts of different magnitude. The proportion of viable cells as
a percentage of the total cell number studied was determined over
20 min for (1) control cartilage explants (i.e., not exposed to
impact), and for explants subjected to (2) 100 g from 5 cm and (3)
100 g from 10 cm. The data are shown at the time points
corresponding to initiation of the scan, although note that the total
scanning time required for each measurement was w90 s. At the
ﬁrst time point studied, there was a signiﬁcant (P! 0.001, indicated
by y) decrease in the proportion of viable cells. Although the
subsequent decrease in viability appeared greater for 100 g from
10 cm compared to the same load from 5 cm, this difference was
only signiﬁcant at 20 min (P! 0.01, indicated by *). Over the entire
time course, the rate of cell death was not signiﬁcantly different
(PZ 0.718; two-way ANOVA; see Results). Data (meansG S.E.M.)
are from at least ﬁve experiments under each condition.preliminary observations showed that there was a ﬁssure
in the matrix (typically of 50 mm in length and oblique to the
surface) beside which there were injured, dying or dead
chondrocytes (data not shown).
The characteristic morphological and topographical fea-
tures of living in situ chondrocytes within normal bovine
articular cartilage were clearly demonstrated in transverse
sections using CLSM to view the ﬂuorescently labelled cells
[Fig. 2(a)]. The chondrocyte population could be broadly
divided into three groups representing three ‘zones’ (SZ,
MZ, DZ) as described by others (e.g., Ref.32). It should be
Fig. 6. The change in cell volume of in situ chondrocytes following
a single impact. Cartilage explants were positioned with the
synovial surface uppermost, and then impacted. The edge of the
injury was located quickly as described and the volume of viable
chondrocytes near the edge determined over 20 min (see Materials
and Methods, and Figs. 1 and 4). The control cartilage was not
subjected to impact and the volume of in situ chondrocytes
determined at the time points indicated, with the mean initial value
taken as 100%. For both impact loads, chondrocyte shrinkage was
signiﬁcantly different (P! 0.006, indicated by *) but the rate of
shrinkage was not different between the two loads (PZ 0.089; two-
way ANOVA; see Results). Data (n[N]) are given as meansG
S.E.M. for (4[18]), (3[26]) and (5[17]), respectively.
60 P. G. Bush et al.: Chondrocyte response to a single impactnoted that the cutting of cartilage caused the death of
a small number of chondrocytes at the cut surface (data not
shown). This could be minimised by using a fresh scalpel
blade for each section, but was signiﬁcantly increased as
the blade became worn (data not shown). Cells near the cut
surfaces were excluded from image analysis.
The application of single impacts of increasing magnitude
markedly raised the proportion of dead chondrocytes, with
those near the SZ being particularly sensitive [see Figs. 1
and 2(a, b)]. However, higher energies caused cell death
throughout the entire thickness of cartilage [Fig. 2(c)]. The
application of 100 g dropped from 10 cm was found to be
optimal for preferentially causing the death of SZ chon-
drocytes and this was taken as the standard energy for
most of the subsequent experiments. It has previously been
shown that this loading protocol does not result in matrix
damage as determined by cartilage swelling as occurs with
the application of higher energies9.
Using this energy, cartilage was viewed perpendicular to
the synovial surface which allowed the response of SZ
chondrocytes near the region of cell death to be studied in
more detail (Fig. 3). Cartilage samples were impacted and
quickly visualised to identify regions of cell death so as to
follow the changes in chondrocyte viability near the edge of
the interface. At the earliest time point studied, a signiﬁcant
number of chondrocytes in deﬁned regions of cartilage were
dead (Fig. 2); however there was a delayed spread of
chondrocyte death across the interface over the following
15e25 min (Fig. 3). This suggested two phases of cell
death, one that was rapid (an ‘early phase’ over the ﬁrst
w3 min), and one that was delayed and propagated (a ‘late
phase’, after this time period). The two phases are more
easily visualised in the accompanying set of panels for
Fig. 3 where the additional dead cells over the following
periods (0e5 min, 5e15 min, 15e25 min, 25e35 min, and
35e45 min) are shown. The spread of cell death was
generally away from the focal areas of initial cell death and
usually asymmetrical in direction and subsequent studies
were performed on cells at approximately right angles to the
affected area.
The response of chondrocytes near the injured edge
following a single impact was studied in more detail using
a water-immersion 63! objective, and more reﬁned image
analysis (see Materials and Methods; Fig. 4)16,18,19. Cells
were chosen such that they could easily be distinguished
from their neighbours. In addition, throughout the experiment,
cells had to demonstrate strong intracellular calcein ﬂuores-
cence allowing sequential volume measurements, and did
not label with PI [examples identiﬁed in Fig. 4(d)]. In order to
pool results from several experiments, the proportion of
viable cells (as a % of the initial number of viable cells) within
the complete and standard ﬁeld of view (150 mm!
150 mm) encompassing a single injured area immediately
following impacts of 100 g from 5 cm or 10 cm was de-
termined (Figs. 4 and 5). The control explants showed no
change (PZ 1; one-way ANOVA) in chondrocyte viability for
four measurements over 20 min supporting the view that the
CLSM technique did not measurably compromise cell
viability over this time period (Fig. 5). For both energies at
the ﬁrst time point, there was a signiﬁcant early decrease
(P! 0.001) in chondrocyte viability corresponding to the
‘early phase’ of cell death following impact at the site of the
injury as suggested in Figs. 3 and 5. The time-dependent
reduction in cell viability at the edge of the injury was also
signiﬁcant for both impact energies (P! 0.001; one-way
ANOVA). Although at each time point, the decrease in the
proportion of viable cells appeared greater for 100 g from10 cm compared to the same mass dropped from 5 cm, this
was only signiﬁcantly different at 20 min (P! 0.01). Over the
entire time course, the rate of cell death was not signiﬁcantly
different (PZ 0.718; two-way ANOVA) between the two
energies studied. Other experiments were performed to
determine if further cell death occurred following culture of
impacted cartilage explants. Explants were incubated with
calcein-AM and PI, impacted (100 g! 10 cm) and the % of
dead cells determined by low power CLSM after 20 min.
These explants were then cultured for 18 h (37(C; pH 7.4),
and then incubated with fresh calcein-AM and PI before
visualisation and quantiﬁcation of viability. We did not
observe any further change in % chondrocyte viability
following the 18 h culture period (data not shown). Finally,
an attempt was made to further analyse the results by ﬁtting
the data at the four time points to linear and non-linear
regressions. The data was best ﬁt to a semi-logarithmic
relationship (r2Z 0.988) with a linear relationship giving
a relatively poor ﬁt (r2Z 0.815).
The control (i.e., not impacted) volume of SZ chondro-
cytes was 454G 18.3 mm3 (meanG S.E.M. (8[64])) and
remained constant over the 20 min period (Fig. 6). How-
ever, for the majority of in situ SZ chondrocytes near the
injury (100 g from 5 cm or 10 cm; see Fig. 4) from which it
was possible to take sequential volume measurements, cell
volume decreased rapidly compared to controls (Fig. 6).
For both data sets, the cell shrinkage was signiﬁcant
(P! 0.006; one-way ANOVA) and it appeared that the rate
of shrinkage was greater following the higher impact
energy. However, the difference in the rate of decrease of
cell volume between the two impact energies did not reach
the level of signiﬁcance (PZ 0.089; two-way ANOVA). The
response of the cell population was not one of uniform
shrinkage as implied by the averaged results, and there
was heterogeneity which should be mentioned. This is
illustrated by considering the pooled results from ﬁve
separate experiments where at the ﬁrst time point, 43
viable cells were identiﬁed, and of these, 29 cells retained
calcein and excluded PI throughout permitting accurate
sequential volume measurements following impact. Of the
remaining 19 cells studied during the time course, nine died
over 3e6 min probably corresponding to the ‘ﬁrst phase’ of
cell death previously described (Figs. 3 and 5). Of the other
10 cells, eight shrunk by 25G 16% (meanG s.d.) before
dying, whereas two showed a very small increase in volume
(C1% and C4%). Of the 29 cells on which volume mea-
surements were possible over the whole time course, 26
shrunk with no recovery in volume, two cells shrunk and
partially recovered volume, whereas one cell increased in
volume. Therefore, of the cells on which it was possible to
accurately measure cell volume following impact, 31 cells
out of 34 showed a reduction in cell volume (corresponding
to a 88.1G 5.99% decrease in cell volume with O90% of
the cells showing a decreased volume; data from seven
separate experiments on 34 cells). However, while some
cells clearly reduced in volume then died, it was not
possible to state unequivocally that all the cells that died
had previously shrunken. A problem was that after the
sequential volume determinations, some cells appeared to
be increasingly sensitive to the laser light associated with
the CLSM technique and it was difﬁcult to separate out
these deleterious effects from the injury arising solely from
the impact load. Finally, it should be mentioned that in one
experiment, the volume of viable chondrocytes distant from
the injured area decreased slightly (93.7G 4.71%,
meanG s.d., nZ 5 cells) over 20 min, which was markedly
less than that observed for cells near the injured region
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capable of identifying signiﬁcant cell shrinkage in a large
proportion of chondrocytes near the injury arising from
impact; however, it also emphasised the heterogeneous
nature of the response of the cell population.
EFFECTS OF IMPACT ON LDH RELEASE FROM IN SITU
CHONDROCYTES
In view of the results from the previous section, it might be
predicted that shrinking chondrocytes at the time of impact
could accelerate cell death, with the converse being the
case for cell swelling. However, the CLSM technique was
limited in its ability to determine this because of the
possibility of cell damage resulting from multiple volume
measurements. We therefore chose to measure LDH
release which was a relatively straightforward method for
determining the overall extent of chondrocyte injury resulting
from impact on cartilage explants. It should be remembered
that because of diffusion, there might be a signiﬁcant delay
before the full extent of LDH release might become
apparent. Accordingly, control time-course experiments
were performed which showed that LDH release increased
for about 2 h following impact, whereas after a further 4 h
there was no further change (data not shown). A standard
incubation period of 6 h was therefore taken following
impact before the culture medium was measured for LDH
release. Control experiments (i.e., no impact) established
that there was no signiﬁcant release of LDH over 6 h at
37(C from cartilage explants incubated in isotonic
(280 mOsm; 0.02G 0.02 ULDH/l; PZ 0.115), hypertonic
(380 mOsm; 0.01G 0.02 ULDH/l; PZ 0.095) or hypotonic
(180 mOsm; 0.02G 0.02 ULDH/l; PZ 0.121) DMEM (P
values obtained from Student’s unpaired t tests). Single
impacts of increasing force, however, markedly stimulated
LDH release in a dose-dependent manner. Thus, 100 g from
5 cm or 10 cm signiﬁcantly increased release of LDH to
0.66G 0.17 (P! 0.05) and 2.64G 0.38 ULDH/l (P! 0.01),
respectively, whereas at the highest energy studied (200 g
from 10 cm) the rate was 5.98G 0.69 ULDH/l (P! 0.001).
The maximum LDH release following three cycles of 200 g
dropped from 20 cm was 8.69G 0.12 ULDH/l (P! 0.001;
for all these values, data are given as meanG S.E.M. for
nZ 6 experiments on separate joints, with 6 explants/joint).
Visualisation of the cartilage subjected to three cycles of
200 g dropped from 20 cm by CLSM conﬁrmed that all the
cells were dead [data not shown; see also Fig. 2(c)]. Thus,
assuming that the LDH content of the chondrocyte
population was uniform, the impact used for most of the
experiments (100 g from 10 cm) caused injury/death to
w20% of the cells in the cartilage explants. (This was
calculated as {[LDH] in medium of explants exposed to
100 g from 10 cm divided by [LDH] in medium of explants
exposed to three cycles of 200 g dropped from 20 cm}
multiplied by 100 to give the percentage.) The images
shown in Figs. 1e3 indicate that by far the majority of these
cells are within the SZ of cartilage.
EFFECT OF ALTERED OSMOLARITY ON THE SENSITIVITY
OF CARTILAGE TO A SINGLE IMPACT
Previous work has shown that alterations to medium
osmolarity can signiﬁcantly alter the volume of in situ
chondrocytes18,19 and thus this procedure can be used to
either swell or shrink chondrocytes at the time of application
of impact injury. Increasing or decreasing the osmolarity
(causing chondrocyte shrinking by w10% or swelling byw15%, respectively, Refs.18,19) from that of isotonic DMEM
(280 mOsm) had a marked effect on the sensitivity of in situ
chondrocytes to impact as measured by LDH release (Table
I). Osmolarity was altered and explants impacted after 5 min
or 60 min, and the subsequent release of LDH over the
following 6 h at 37(C determined. Applying the impact
stimulus to cartilage incubated for only 5 min at 180 mOsm
signiﬁcantly increased chondrocyte injury. However, when
the explants were impacted after 60 min exposure to
180 mOsm, there was no signiﬁcant change in LDH released
compared to explants kept at 280 mOsm and impacted. In
contrast, an increase in medium osmolarity (to 380 mOsm)
signiﬁcantly protected chondrocytes from the damaging
effects of impact. There was no signiﬁcant difference
(PO 0.01) in LDH release following impact of cartilage after
5 min or 60 min in hypertonic medium compared to impacted
cartilage at normal osmolarity (Table I).
Discussion
These results showed that in situ chondrocytes within the
SZ were particularly sensitive to the injury resulting from
a single impact; however, MZ and DZ cells were also
susceptible at higher impact energies. Chondrocyte death
occurred rapidly (within w3 min) and was conﬁned to
relatively distinct areas of cartilage. There was a second
slower ‘wave’ of cell death lastingw20 min, and the volume
of many viable cells during this period decreased markedly.
Unexpectedly, reducing the osmolarity of the suspending
medium (leading to cell swelling) increased chondrocyte
injury resulting from impact, whereas increasing the osmo-
larity (resulting in cell shrinkage) made cells less sensitive to
impact. This suggested that the volume of chondrocytes at
the time of impact delivery was a determinant of the
sensitivity of in situ chondrocytes to injurious impact.
It might be thought that a limitation of this work was that
the cartilage was removed from the underlying bone before
Table I
Changes to chondrocyte viability following impact injury by alter-
ations to medium osmolarity. Cartilage explants were incubated in
DMEM (280 mOsm; pH 7.4, 37(C) for 1 h. The explants were then
subjected to impact load (100 g, 10 cm), or were incubated for 5 min
or 60 min in hypotonic DMEM (180 mOsm), or hypertonic DMEM
(380 mOsm) and then exposed to the same level of impact load. The
total incubation time for all samples following impact was identical
(6 h) and at the end of the experiment LDH release was determined
as described (see Materials and Methods). Data are expressed as
the ratio of the LDH released under the experimental condition
indicated to that of the LDH released from cartilage explants
incubated in DMEM (280 mOsm) and exposed to a single impact
load (100 g, 10 cm). There was no significant effect of medium
osmolarity on LDH release in the absence of impact (see Results for
data). For each experiment, six cartilage pieces were studied under
the experimental conditions indicated. Results (meansG S.E.M.) are
shown for R6 separate experiments on joints from different
animals, with six replicates for each condition. Significant differ-
ences (P! 0.001, indicated by **) were determined using Student’s
unpaired t test. N/S indicates no significant difference (p!0.05)
compared to the control (isotonic) medium
DMEM culture medium before impact Ratio
Isotonic (280 mOsm) 1.00
Hypotonic (180 mOsm) 5 min 1.42G 0.10**
Hypotonic (180 mOsm) 60 min 0.80G 0.13 N/S
Hypertonic (380 mOsm) 5 min 0.68G 0.07**
Hypertonic (380 mOsm) 60 min 0.57G 0.09**
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easier to perform because cartilage of deﬁned dimensions
could be studied, the sub-chondral bone is known to
constrain cartilage and may have a protective effect on the
cartilage matrix during loading9. Removal of bone might
change the state of stress in the cartilage around the injury
and alter the propagation of the damage through the
cartilage and the distribution of dead cells. However,
damage at the impact energy used in this work was
conﬁned almost exclusively to the surface zones of the
explant (Figs. 1e3) and thus it seems unlikely that the
underlying bone is a major determinant of cartilage surface
properties in these experiments. In support of this is the
observation that an increase in the impact energy applied to
cartilage with bone attached was required to reproduce the
cartilage damage observed in the absence of sub-chondral
bone. At these higher impact energies, damage to the bone
rather than cartilage occurred, consistent with the role of
cartilage transmitting the shock delivered to it to the
underlying bone9.
This study was not designed to clarify the in vivo
response to blunt impact loading. Although the drop tower
technique of delivering an impact load is a useful method of
simulating true impact33, it is not possible to separately
study or control the displacement or stress waveform
applied to the cartilage during compression. It is known
that the degree of cartilage injury can be inﬂuenced by the
loading rate34. Despite these issues, it has been sug-
gested11,31 that the changes to matrix structure and PG
turnover, and the surface damage to cartilage and loss of
SZ chondrocytes observed in injuriously compressed
cartilage bear similarities to changes which are known to
occur in OA cartilage4,8. A previous study has shown
a signiﬁcant increase in the volume of viable chondrocytes
7 days following injurious mechanical loading11. This might
appear to conﬂict with the present study which although
was over a shorter time period, showed a decrease in cell
volume after impact injury (Fig. 6). However, it is likely that
in the Quinn et al.11, study the chondrocytes that were being
studied were in cartilage cracks where the collagen ﬁbrils
were extensively damaged by the injury, permitting the PGs
to swell signiﬁcantly thereby reducing the osmotic pressure
and causing chondrocyte swelling. It was noted that the
cells studied by Quinn et al.11, demonstrated accelerated
PG degradation and turnover, and increased expression of
degradative factors. An increase in chondrocyte volume as
a function of degree of human cartilage degeneration has
also been reported16 and signiﬁcantly, this was consider-
ably greater than that predicted by the cartilage swelling
which occurs in OA17. It is clearly of interest that there are
similarities between the effects of mechanical injury on
chondrocyte and matrix properties and the changes
reported to occur in OA cartilage11,31. Thus, this study,
using bovine metacarpal phalangeal cartilage as a model
system, clariﬁes aspects of the cellular response of
cartilage to injurious load, although we accept that human
cartilage might respond differently.
At the optimal impact energy used here, the LDH release
would primarily be from SZ chondrocytes (Figs. 1e3). In
agreement with previous work, these cells have high
sensitivity to impact load14, cyclical load23 and mild
wounding24 compared to those within the deeper zones
subjected to cyclical loading. This increased sensitivity of
SZ chondrocytes could be related to the elliptical shape of
these chondrocytes32 and/or the properties of the ECM in
this region. For example, mechanical load will cause
maximum compressive strain in this zone leading to matrixcompaction or matrix collapse and enhanced cell
death23,35.
It was thought that because chondrocyte shrinkage
occurred after impact injury and might be associated with
cell death, reducing cell volume at the time of impact could
accelerate cell injury/death. On the other hand, increasing
cell volume by lowering osmolarity might decrease cell
death. However, the data did not support this hypothesis,
since increasing medium osmolarity (which would initially
result in cell shrinkage) signiﬁcantly protected chondrocytes
within cartilage exposed to impact after both 5 min and
60 min. On the other hand, reducing medium osmolarity
(which would initially result in cell swelling) increased
chondrocyte sensitivity when impact load was applied to
cartilage after 5 min incubation, whereas following 60 min,
the impact load had no signiﬁcant effect on chondrocyte
viability (Table I). These observations (Table I) can be
explained by considering the volume of in situ chondrocytes
at the time of application of the impact load. We have
previously shown that changes to the osmolarity of the
incubating solution can rapidly (within minutes) alter the
volume of in situ chondrocytes18,19. Despite the resilience of
the matrix, in situ chondrocytes behave as osmometers and
follow the Boyleevan’t Hoff relationship over a wide range
of osmolarities18. Thus, increasing osmolarity caused cell
shrinkage and reduced the sensitivity of chondrocytes to
impact load. The fact that impact load had no further effect
on cartilage pre-incubated for 60 min in hyper-osmotic
media suggested that the cells remained shrunken. This
accords with the lack of ability of chondrocytes to recover
from hypertonic challenge by the process of regulatory
volume increase (Ref.36). In contrast, chondrocyte injury
was greater 5 min after a reduction in medium osmolarity,
but 60 min later the ensuing LDH release following impact
load was not signiﬁcantly different compared to control
explants in isotonic media. This suggests that 5 min after
the reduction in medium osmolarity, chondrocyte volume
was increased compared to cells within explants cultured in
isotonic medium, resulting in greater sensitivity to impact
load. However, after 60 min, the process of regulatory
volume decrease (RVD; Ref.19) had presumably restored
chondrocyte volume to a level similar to that of cells not
exposed to osmotic challenge resulting in no difference to
their sensitivity to impact load. These data suggested that
the volume of cells at the time of impact was an important
determinant of the sensitivity to injurious impact. This
ﬁnding is potentially signiﬁcant because it suggests that
the swollen chondrocytes present in OA cartilage16 are
more likely to be damaged by excessive mechanical stress
compared to cells of normal volume. It should be mentioned
that it was unlikely that these results could be accounted for
by changes to matrix hydration. Over the osmotic pressure
range used here (180e380 mOsm) there would be no
signiﬁcant changes to the hydration of cartilage from these
skeletally mature animals since it would already be
maximal37. In addition, the response to load depended on
the time after exposure of cartilage to the hypo-osmotic
solution suggesting that cell volume was important rather
than bulk properties of the ECM.
It is known from previous studies that cell death is
a common feature of injurious compression; however, the
underlying mechanism(s) (i.e., whether an ‘apoptotic’,
‘necrotic’ or other process), is poorly understood. This is
partly because it is difﬁcult to compare the techniques used
to deliver the stress, the tissues studied, the loading regime
(e.g., whether static or dynamic), the incubation conditions,
the time course of the experiment following injury and the
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death. The distinction between the different pathways of cell
death is controversial and not straightforward (e.g., Ref.38);
however, in view of the considerable current interest in this
area of cartilage research, we feel it is appropriate for us to
consider this further in the light of the results presented
here.
There is considerable interest in the possibility that
chondrocytes might die from an apoptotic process (e.g.,
Refs.39,40). For example, using the TUNEL (staining
terminal deoxynucleotide transferase mediated uridine tri-
phosphate nick end labelling) technique, Loening et al.41
reported that the death of chondrocytes within bovine
articular cartilage subjected to injurious compression was
by apoptosis. Using the same approach, D’Lima et al.21
provided evidence for apoptosis following a single static
mechanical stress of 14 MPa applied to human articular
cartilage with reduced apoptotic rates when explants were
cultured in z-Vad.fmk, a broad spectrum caspase inhibitor.
However, Lucchinetti et al.23 found that repetitive loading
did not cause nuclear DNA fragmentation (an indicator of
apoptosis) but reported evidence of necrotic cell death. To
complicate the issue, Chen et al.22 observed that following
cyclical indentation impacts to canine cartilage explants
which were then maintained in culture, at ﬁrst demonstrated
necrosis which was then followed by apoptosis. Finally,
Tew et al.24, who subjected immature and mature bovine
articular cartilage to wounding using a trephine considered
that cell death resulted from both necrosis and apoptosis,
the contribution of each depending on the degree of
wounding.
There are clear concerns about current methods used to
determine the mechanism of cell death and it has been
noted that some commonly used methods (e.g., TUNEL)
can fail to discriminate between apoptotic and necrotic cell
death42. The present data show that cell shrinkage occurs
in chondrocytes near the injured edge and this is
a characteristic of apoptosis43e45. However, these current
experiments did not permit us to determine with certainty
whether chondrocytes that were shrinking ultimately died,
and thus with the current data we emphasise that it is
premature to propose that this results from activation of an
apoptotic process. Indeed, the rapidity of the effect (cell
death evident within w20 min, whereas typically the
process develops over several hours or even days;
Ref.45), and the lack of characteristic changes to PI-stained
nuclear material of dead chondrocytes following a single
impact load (P.G. Bush and S. Brown, unpublished
observations), suggests that this is not an apoptotic
process, and could arise from direct mechanical trauma. It
is in any case likely that the cell shrinkage could arise from
a different mechanism. For example, impact injury could
stimulate Ca2C entry through stretch-sensitive ion chan-
nels, leading to the activation of Ca2C-dependent KC
channels and cytoplasmic KC loss and hence cell
shrinkage46. We should emphasise that we do not think
that the injurious impact caused an increase in cation
permeability by generalised membrane damage. This is
because this would be accompanied by cell swelling, not
cell shrinkage as shown here45.
In summary, this study showed that the cell death
following a single impact load was both temporal and
spatial (Figs. 3 and 5). There was an initial rapid phase of
cell death, which could arise from mechanical trauma at the
injured edge. The slower phase of cell death (e.g., Fig. 3)
could be described by a single exponential and was
propagated from the injury giving rise to an apparent ‘waveof cell death’ (Figs. 3 and 4). This parallels interesting
observations made on cyclical impacts that suggest the
release of a soluble intercellular signalling component(s)35.
The volume of the majority of viable chondrocytes within
this region signiﬁcantly decreased over the time period of
the measurements (20 min); however, it is not possible with
the current techniques to state categorically that these cells
eventually died. The processes underlying chondrocyte
shrinkage are of interest and may indicate that this
component(s) stimulates isotonic cell shrinkage through
the activation of chondrocyte RVD19. In situ chondrocytes
were protected from impact injury by shrinking, whereas
chondrocyte swelling as occurs in OA16 markedly increased
the sensitivity of cells to impact injury. Further studies
utilising the CLSM approach described here are required to
clarify these processes.
Acknowledgements
We thank Ms H.Y.S. Huang for help with some early
experiments, and Dr S. Brown for advice on chondrocyte
apoptosis.
References
1. Helminen H, Jurvelin J, Kiviranta I, Paukkonen K,
Saamanen A-M, Tammi M. Joint loading effects on
articular cartilage: a historical review. In: Helminen HJ,
Kiviranta I, Tammi M, Saamanen A-M, Paukkonen K,
Jurvelin J, Eds. Joint Loading and Health of Articular
Structures. Bristol: John Wright 1987;1e46.
2. Hodge WA, Fijan RS, Carlson KL, Burgess RG, Harris
WH, Mann RW. Contact pressures in the human hip
joint measured in vivo. Proc Natl Acad Sci USA 1986;
83:2879e83.
3. Pickvance EA, Oegema TR, Thompson RC. Immuno-
localisation of selected cytokines and proteases in
canine articular cartilage after transarticular loading.
J Orthop Res 1993;11:313e23.
4. Thompson RC, Oegema TR, Lewis JL, Wallace L.
Osteoarthrotic changes after acute transarticular load.
An animal model. J Bone Joint Surg 1991;73A:
990e1001.
5. Davis MA, Ettinger WH, Neuhaus JM, Cho SA, Hauck
WW. The association of knee injury and obesity with
unilateral and bilateral osteoarthritis of the knee. Am J
Epidemiol 1989;130:278e88.
6. Howell DS, Treadwell BV, Trippel SB. Etiopathogenesis
of osteoarthritis. In: Moskowitz RW, Howell DS,
Goldberg VM, Eds. Osteoarthritis: Diagnosis and
Medical/Surgical Management. 2nd edn. Philadelphia:
W.B. Saunders 1992;233e52.
7. Radin EL. Osteoarthrosisdthe orthopaedic surgeon’s
perspective. Acta Orthop Scand 1995;66(Suppl 266):
6e9.
8. Wilder FV, Hall BJ, Barrett JP, Lemrow NB. History of
acute knee injury and osteoarthritis of the knee:
a prospective epidemiological assessment. The Clear-
water osteoarthritis study. Osteoarthritis Cartilage
2002;10:611e6.
9. Jeffrey JE, Gregory DW, Aspden RM. Matrix damage
and chondrocyte viability following a single impact
load on articular cartilage. Arch Biochem Biophys
1995;322:87e96.
64 P. G. Bush et al.: Chondrocyte response to a single impact10. Farquhar T, Xia Y, Mann K, Bertram J, Burton-Wurster
N, Jelinski L, et al. Swelling and ﬁbronectin accumu-
lation in articular cartilage explants after cyclical
impact. J Orthop Res 1996;14:417e23.
11. Quinn TM, Grodzinsky AJ, Hunziker EB, Sandy JD.
Effects of injurious compression on matrix turnover
around individual cells in calf articular cartilage ex-
plants. J Orthop Res 1998;16:490e9.
12. Sah RLY, Doong AJ, Grodzinsky AJ, Plaas AHK,
Sandy JD. Effects of compression on the loss of
newly-synthesised proteoglycans in cartilage explants.
Arch Biochem Biophys 1991;286(1):20e9.
13. Repo RU, Finlay JB. Survival of articular cartilage after
controlled impact. J Bone Joint Surg 1977;59:
1068e76.
14. Torzilli PA, Grigiene R, Borrelli J, Helfet DL. Effect of
impact load on articular cartilage: cell metabolism and
viability and matrix water content. J Biomech Eng
1999;121:433e41.
15. Walker EA, Verner A, Flannery CR, Archer CW.
Cellular responses of embryonic hyaline cartilage to
experimental wounding in vitro. J Orthop Res 2000;18:
25e34.
16. Bush PG, Hall AC. The volume and morphology of
chondrocytes within non-degenerate and degenerate
human articular cartilage. Osteoarthritis Cartilage
2003;11(4):242e51.
17. Grushko G, Schneiderman R, Maroudas A. Some
biochemical and biophysical parameters for the study
of the pathogenesis of osteoarthritis: a comparison
between the processes of ageing and degeneration in
human hip cartilage. Connect Tissue Res 1989;19:
149e76.
18. Bush PG, Hall AC. The osmotic sensitivity of isolated
and in situ bovine articular chondrocytes. J Orthop
Res 2001a;19(5):768e78.
19. Bush PG, Hall AC. Regulatory volume decrease (RVD)
by isolated and in situ bovine articular chondrocytes.
J Cell Physiol 2001b;187:304e14.
20. Chen C-T, Burton-Wurster N, Lust G, Bank RA,
TeKoppele JM. Compositional and metabolic changes
in damaged cartilage are peak-stress, stress-rate and
loading-duration dependent. J Orthop Res 1999;17:
870e9.
21. D’Lima DD, Hashimoto S, Chen PC, Colwell CW Jr,
Lotz MK. Human chondrocyte apoptosis in response
to mechanical injury. Osteoarthritis Cartilage 2001;9:
712e9.
22. Chen C-T, Burton-Wurster N, Borden C, Hueffer K,
Bloom SE, Lust G. Chondrocyte necrosis and apo-
ptosis in impact damaged articular cartilage. J Orthop
Res 2001;19:703e11.
23. Lucchinetti E, Adams CS, Horton WE Jr, Torzilli PA.
Cartilage viability after repetitive loading: a preliminary
report. Osteoarthritis Cartilage 2002;10:71e82.
24. Tew SR, Kwan APL, Hann A, Thomson BM, Archer
CW. The reactions of articular cartilage to experimen-
tal wounding. Role of apoptosis. Arthritis Rheum 2000;
43:215e25.
25. Stockwell RA. Cartilage failure in osteoarthritis: rele-
vance of normal structure and function. A review. Clin
Anat 1991;4:161e91.
26. Mankin H, Dorfman H, Lippiello L, Zarins A. Bio-
chemical and metabolic abnormalities in articular
cartilage from osteoarthritic human hips. II Correlation
of morphology and metabolic data. J Bone Joint Surg
Am 1971;53:523e37.27. Hall AC. Physiology of Cartilage. In: Hughes SPF,
McCarthy ID, Eds. Sciences Basic to Orthopaedics.
London: W.B. Saunders 1998;45e69.
28. Hall AC, Horwitz ER, Wilkins RJ. The cellular physiol-
ogy of articular cartilage. Exp Physiol 1996;81:
535e45.
29. Errington RJ, Fricker MD, Wood JL, Hall AC, White
NS. Four-dimensional imaging of living chondrocytes
in cartilage using confocal microscopy: a prag-
matic approach. Am J Physiol 1997;272(41):
C1040e51.
30. Hodkinson PD, Hamilton GL, Bush PG, Huang HYS,
Hall AC. The role of bovine articular chondrocyte
volume in determining the sensitivity of cartilage to
impact load. J Physiol 2002;527:40P.
31. Quinn TM, Maung AA, Grodzinsky AJ, Hunziker EB,
Sandy JD. Physical and biological regulation of
proteoglycan turnover around chondrocytes in
cartilage explants. Implications for tissue degen-
eration and repair. Ann NY Acad Sci 1999;878:
420e41.
32. Schenk RK, Eggli PS, Hunziker EB. Articular cartilage
morphology. In: Kuettner KE, Schleyerbach R, Hascall
VC, Eds. Articular Cartilage Biochemistry. New York:
Raven Press 1986;3e22.
33. Aspden RM, Jeffrey JE, Burgin LV. Impact loading:
physiological or pathological? Osteoarthritis Cartilage
2002;10:588e9.
34. Ewers BJ, Dvoracek-Driksna D, Orth MW, Haut RC.
The extent of matrix damage and chondrocyte death in
mechanically traumatized articular cartilage explants
depends on rate of loading. J Orthop Res 2001;19:
779e84.
35. Levin A, Burton-Wurster N, Chen C-T, Lust G. In-
tercellular signalling as a cause of cell death in
cyclically impacted cartilage explants. Osteoarthritis
Cartilage 2001;9:702e11.
36. Kerrigan MJ, Matskevitch I, Flatman PW, Hall AC.
Absence of regulatory volume increase (RVI) in
isolated bovine articular chondrocytes. Eur J Physiol
2002;443:S288e9.
37. Urban JPG, Hall AC, Gehl KA. Regulation of matrix
synthesis rates by the ionic and osmotic environment
of articular chondrocytes. J Cell Physiol 1993;154:
262e70.
38. Columbano A. Cell death: current difﬁculties in discrim-
inating apoptosis from necrosis in the context of
pathological processes in vivo. J Cell Biochem 1995;
58:181e90.
39. Blanco FJ, Guitian R, Vazquez-Martul E, de Toro FJ,
Galdo F. Osteoarthritis chondrocytes die by apoptosis.
A possible pathway for osteoarthritis pathology.
Arthritis Rheum 1998;41:284e9.
40. Lotz M, Hashimoto S, Kuhn K. Mechanisms of
chondrocyte apoptosis. Osteoarthritis Cartilage 1999;
7:389e91.
41. Loening AM, James IE, Levenston ME, Badger AM,
Frank EH, Kurz B, et al. Injurious mechanical
compression of bovine articular cartilage induces
chondrocyte apoptosis. Arch Biochem Biophys 2000;
381(2):205e12.
42. Grasl-Kraupp B, Ruttkay-Nedecky B, Koudelka H,
Bukowska K, Bursch W, Schulte-Hermann R. In situ
detection of fragmented DNA (TUNEL) fails to
discriminate among apoptosis, necrosis, and autolytic
cell death: a cautionary note. Hepatology 1995;21:
1465e8.
65Osteoarthritis and Cartilage Vol. 13, No. 143. Lang F, Ritter M, Gamper N, Huber S, Sillon S, Tanneur
V, et al. Cell volume in the regulation of cell
proliferation and apoptotic cell death. Cell Physiol
Biochem 2000;10:417e28.
44. Maeno E, Ishizaki Y, Kanaseki T, Hazama A, Okada Y.
Normotonic cell shrinkage because of disordered
volume regulation is an early prerequisite to apoptosis.
Proc Natl Acad Sci USA 2000;97(17):9487e92.45. Wyllie AH, Kerr JFR, Currie AR. Cell death: the
signiﬁcance of apoptosis. Int Rev Cytol 1980;68:
251e306.
46. Wright MO, Jobanputra P, Bavington C, Salter DM,
Nuki G. Effects of intermittent pressure-induced strain
on the electrophysiology of cultured human chondro-
cytes: evidence for the presence of stretch-activated
membrane ion channels. Clin Sci 1996;90(1):61e71.
